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Abstract 
Purpose  To investigate whether the N2 response of the multifocal electroretinograms 
(mfERGs) can evaluate retinal ganglion cells (RGCs) function as well as the photopic 
negative response (PhNR) of the conventional ERGs. 
Methods The mfERGs were used to record mfERGs from 38 eyes of 28 glaucoma patients, as 
control eyes, and from 11 eyes of 11 normal adults. The mfERGs were elicited by red stimuli 
presented on a blue background. The responses from the central 5 elements within a 20 
degree stimulated area were analyzed. The retinal sensitivity was determined by Humphrey 
Field Analyzer and retinal nerve fiber layer (RNFL) thickness was measured by 
spectral-domain optical coherence tomography (SD-OCT). We calculated the correlations 
between the N2 amplitude and the retinal sensitivity and the RNFL thickness.  
Results  There were significant differences in the N2 response between the glaucomatous 
eyes and the normal eyes in all areas. The significant correlation between the N2 response 
and the retinal sensitivity (1/Lambert linear unit) of the HFA was seen in all areas. The N2 
response was a significant correlation with the RNFL thicknesses in all areas for both normal 
and glaucomatous eyes. In center area, the coefficients of correlations of the N2 response and 
the retinal sensitivity and the RNFL thickness were significantly higher than that in other 
stimulus areas. 
 
Conclusions  The N2 response correlate with the decrease in function and morphology of 
retinal neurons in eyes with glaucoma. The N2 of the slow-sequence mfERGs can be used as 
an objective monitor of retinal ganglion cell function. 
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Introduction 
 
The death of retinal ganglion cells (RGCs) during the progression of visual field defects and 
alterations in the appearance of the optic nerve head [1,2]. In common, the visual field defects 
created by glaucomatous optic nerve damage are detected by Goldmann perimetry and other 
visual field tests. These methods are effective to some degree but not sufficient to detect the 
nerve dysfunction in early stage glaucoma. 
The photopic negative response (PhNR), which is a negative-going wave that occurs after 
the b-wave of the full-field and focal macular photopic electroretinograms (ERGs), has been 
shown to arise from the neural activity of RGCs. Thus, it has been used to monitor the 
function of the RGCs in eyes with glaucoma [3]. However, the full-field PhNR cannot 
monitor the focal changes of the RGCs seen in eyes with early glaucoma.   
In contrast, multifocal ERGs (mfERGs) allow clinicians to record focal ERGs from 
numerous retinal locations during a single recording session [4]. Since its introduction in 
1992, clinical studies have examined the relationships between the mfERGs and the visual 
function in specific areas of the retina. If the PhNR is a component of the mfERGs and 
originates from the neural activity of the RGCs, the PhNR of mfERGs can be used to monitor 
the function of the RGCs in focal locations of the retina. Several studies have reported the 
relationship between the mfERGs and different morphological parameters [5-7]. However, 
there have not been showed that the relationships between the mfERGs and the visual fields 
and RNFL thicknesses.  
The mfERGs were elicited by slow-sequence mfERGs, and the shapes of the 
slow-sequence mfERGs resemble the conventional full-field photopic ERGs [4, 8].  This 
study used a red stimulus light on a blue background, which effectively elicit the full-field or 
focal PhNRs in previous reports. The red stimulus light on a blue background is most 
effective in eliciting large PhNR especially at low to moderate stimulus intensities [9-11]. 
The structural changes in retinal nerve fiber layer thickness (RNFL) were measured by the 
high resolution spectral domain optical coherence tomography (SD-OCT), an objective 
method with high specificity [12]. 
The purpose of this study was to determine the relationship between the second negative 
wave (N2) of the mfERGs, visual sensitivity, and RNFL thickness in glaucomatous eyes. To 
accomplish this, we investigated whether the N2 amplitude of the mfERGs can evaluate 
RGCs function as well as the PhNR of the conventional ERGs. 
 
Subjects and Methods 
 
Patients 
 
Thirty-eight eyes of 28 patients were studied. The patients were being treated with primary 
open angle glaucoma (POAG) or normal tension glaucoma (NTG), and their mean ages 
ranged from 39 to 79 years with a mean ± standard deviation 61.3 ± 12.0 years. The median 
mean age of the glaucoma group was 61 years. The intraocular pressure was controlled under 
21mmHg by anti-glaucoma eye drops at the time of the mfERG recordings. All of the patiens 
had glaucomatous cupping with a cup/disc ratio of 0.7 or higher and the corresponding visual 
field defects by static perimetry. All patients underwent gonioscopy to confirm that the 
anterior chamber angles were open. Eyes with secondary glaucoma, e.g., uveitic glaucoma, 
were excluded. A visual field defect was determined to be glaucomatous when it met one of 
three criteria: (1) the pattern deviation plot showed a cluster of ≥3 non-edge points that had 
sensitivities less than that of the lower 95% centile ranges (p<0.05) with at least one less than 
the lower 99% centile range (p<0.01), (2) the value of the corrected pattern standard 
deviation (PSD) was less than the lower 95% percentile range (p<0.05), (3) the Glaucoma 
Hemifield Test was outside the normal limits [13]. Eleven eyes of eleven age-matched normal 
volunteers, ranging in age from 39 to 79 years with mean of 60.7 ± 13.2 years, were studied. 
The median mean age of the normal group was 62.5 years. Slit-lamp biomicroscopy and 
indirect ophthalmoscopy showed that there were no abnormal findings in the anterior 
segment, ocular media, and fundus. The best-corrected visual acuity was 20/20 or better in all 
eyes. The spherical refractive errors ranged from −6.00 to +3.00 diopters. Subjects with 
cataracts, retinal disease, or previous ophthalmic surgery (including cataract surgery) were 
excluded.  
This study protocol was approval by the Committee of Ethics Review of the Chiba 
University Hospital. The procedures used conformed to the tenets of the Declaration of 
Helsinki, and an informed consent was obtained from all participants.  
 
mfERG recordings 
 
A Visual Evoked Response Imaging System (VERIS, Mayo, Nagoya, Japan) was used for 
recording and analyzing the mfERGs. The pupils were maximally dilated to approximately 
8.0mm following topical application of a mixture of 0.5% tropicamide and 0.5% 
phenylephrine hydrochloride (Mydrin-P; Santen, Osaka, Japan). A bipolar Burian-Allen 
contact lens electrode was placed on the eye, and a silver-plated electrode was attached to the 
right earlobe as the ground electrode. The other eye was covered with an eye patch. After 
patients were optically corrected for a viewing distance of 30 cm, they were instructed to 
keep their vision on the fixation spot. The test distance was adjusted according to the subject's 
refractive error to compensate the effect of refractive lenses and to obtain a relatively 
constant magnification on the retina. The stimulus consisted of five elements with a dart 
pattern arranged in an overall diameter of 5 and 20 degrees (Figure 1A). The stimuli 
consisted of red (255 cd/m
2
) and blue (255 cd/m
2
) stimulus elements, and presented in a 
pseudorandom binary m-sequence at a frequency of 9.4 Hz. The low-cut and high-cut filters 
were set at 1Hz and 100Hz, respectively. The mfERGs were processed using the VERIS 
software VERIS software (VERIS Science 4.0, Mayo, Nagoya, Japan). The P1 amplitude was 
measured from the baseline to the peak of the first positive wave, and the N2 from the 
baseline to the negative trough at a fixed time point after the stimulus onset [14] (Figure. 1B). 
The time at which the amplitude N2 was maximal was determined by measuring the 
amplitude of N2 in 5 ms-intervals from the onset in the normal group [15]. We found that the 
largest amplitude of N2 was at 70 ms. In purpose of comparing mfERGs with the RNFL 
thickness, the responses from the two quadrants in each hemi field excluding the center 
response were summed to determine the amplitudes of P1 and N2, and they were expressed 
as response density, nV/deg
2
.  
 
RNFL thickness 
 
The RNFL thickness was measured by the SD-OCT (RTVue-100; Optovue Inc., version 
6.1.0.21). The RNFL thickness measurements were made on 13 circular B-scan images with 
diameters of 1.3 to 4.9 mm, and manually positioned on the optic disc to create a 
peripapillary RNFL thickness map. The RNFL thickness measurements were made along a 
3.45-mm-diameter circle and were calculated as the difference in the distance between the 
internal limiting membrane and the outer edge of the ganglion cell layer. 
The thicknesses of the superior-temporal (ST), inferior-temporal (IT), and the average of 
temporal-upper (TU) and temporal-lower (TL) sectors corresponded to the mfERG responses 
(Figure. 2). The comparisons of the visual field and RNFL were similar to that reported by 
Garway and colleagues [16]. 
 
Retinal sensitivity 
 
The Humphrey Visual Field Analyzer (model 750; Carl Zeiss Meditec, Inc., Dublin, CA) was 
used for the static visual field analyses. The Swedish Interactive Threshold Algorithm 
Standard strategy was applied to program 10-2 for the central retinal sensitivity, and 
determined the surrounding areas with the program 30-2. The 16 points were averaged and 
taken to be the visual sensitivity in the central retinal area. The 14 points in the superior and 
inferior retinal area were averaged and taken to be the visual sensitivity in the each retinal 
area (Figure. 3). The reliability criteria included fixation losses and false positive and false 
negative rates of less than 20%. Because the decibel (dB) value is based on a logarithmic 
scale (10 log 1/Lambert), the sensitivity of each measured point in decibels was converted to 
1/Lambert (linear unit), and then averaged it to obtain the mean sensitivity [17,18]. The 
interval between the visual field testing and mfERG recordings was less than 1 month. 
 
Statistical analyses 
 The significance of differences in the means was determined by independent sample t tests. 
Pearson’s coefficients of correlation were calculated to determine the strength of correlation 
between the N2 amplitude and the retinal sensitivity and RNFL thickness. Bonferroni’s 
multiple comparison tests were used for all statistical analyses, and P< 0.0167 was accepted 
as statistically significant. 
 
 
Results 
 
Representative mfERGs of normal and glaucomatous eyes 
 
Representative waveforms recorded from a normal subject are shown in Figure. 4A. The 
waveform consisted of the N1 and P1 components followed immediately by the slow 
negative-going N2 component. The waveform was similar in all stimulus areas, but the 
amplitude (N1, P1, N2) recorded from the center appeared to be proportionally larger than 
that in the other areas. The mfERGs recorded from a representative eye with glaucoma are 
shown in Figure. 4B. Although the N1 and P1 response densities were not significantly 
different from those of the control, the N2 was smaller in the center and nasal- superior 
segments while it remained normal in the other retinal segments. 
 
Normal group vs. Glaucoma group 
 
The mean age and sex distribution of the glaucoma group did not differ significantly from 
those of the normal group (P>0.05, Table 1). The mean deviation (MD) of the Humphrey 
visual field 30-2 in the glaucoma group and the normal group was -9.41 ± 6.11 dB (± 
standard deviation) and 1.41 ± 1.36 dB, respectively. The averaged response densities P1, N2, 
and N2/P1 ratio are shown in Table 2. The MD, average-RNFL thickness, and N2 amplitude 
in all areas were significantly decreased in glaucoma group in comparison to normal group (P 
<0.001 for MD, Avg-RNFL, N2). The N2/P1 ratio in the center segment in glaucoma group 
was significantly reduced compared with the normal group, but it did not differ significantly 
from the superior and inferior segments (P=0.039 and 0.099, respectively). The P1 
amplitudes and implicit times in all segments did not differ significantly between the 
glaucoma group and the normal group. 
 
Relationship between retinal sensitivity and RNFL thickness  
 
There was a significant correlation between the retinal sensitivity and the RNFL thickness in 
all areas, (r=0.66, P<0.0001 for superior retina; r=0.55, P<0.0001 for central retina; r=0.56, 
P<0.0001 for inferior retina) for both normal and glaucomatous eyes. 
 
Relationship between N2 response density and retinal sensitivity  
 
A plot of the N2 response density and the retinal sensitivity in normal and glaucomatous eyes 
are shown in Figure. 5. There were significant correlations between the N2 response density 
and the retinal sensitivity in all segments, (r=0.36, P=0.01 for superior retina; r=0.54, 
P<0.0001 for central retina; r=0.51, P=0.0001 for inferior retina). 
 
Relationship between N2/P1 ratio and retinal sensitivity  
 
A plot of the N2/P1 ratio and the retinal sensitivity in normal and glaucomatous eyes is 
shown in Figure. 6. There were not significant correlations between the N2/P1 ratio and 
sensitivity for all segments (r=0.30, P=0.036 for superior retina; r=0.31, P=0.029 for central 
retina; r=0.27, P=0.061 for inferior retina). 
 
Relationship between N2 response density and RNFL thickness 
 
The relationship between the N2 response density against the RNFL thickness for all 
participants is shown in Figure. 7. There was a significant correlation between the N2 
response density and the RNFL thickness in all segments, (r=0.49, P=0.0003 for superior 
retina; r=0.79, P<0.0001 for central retina; r=0.52, P=0.0001 for inferior retina). 
 
Relationship between N2/P1 ratio and RNFL thickness  
 
The relationship between the N2/P1 ratio and the RNFL thickness for all participants is 
shown in Figure. 8. There was a significant correlation between the N2/P1 ratio and the 
RNFL thickness in all segments (r=0.53, P<0.0001 for superior retina; r=0.60, P<0.0001 for 
central retina; r=0.48, P=0.0004 for inferior retina). 
 
 
Discussion 
 
Our results showed that the N2 response density of the mfERGs within a radius of 20º from 
the fovea correlated with both the retinal sensitivity and RNFL thickness. Earlier studies 
demonstrate that the PhNR of the full-field ERGs [11,19,20] and the focal macular ERGs 
[21-23] correlate with other morphological parameters. Based on evidence obtained from 
experimental and clinical researches, the PhNR originates from the neural activity of RGCs. 
This is not the first study to show that the N2 component of the slow-sequence mfERGs 
represents the RGC activity. Kaneko et al [5] have already shown that the N2 by 
slow-sequence stimuli was reduced in glaucomatous eyes. They reported that the N2 response 
density was significantly correlated with the ganglion cell complex (GCC) thickness and 
SAP-determined sensitivity in the central retinal area. At the point of differences with their 
study, patients had relatively early stage glaucoma. Moreover, we recorded mfERGs using a 
red stimulus light on a blue background to elicit large PhNR. Our results showed that the 
coefficients of correlations of the N2 response and the retinal sensitivity and the RNFL 
thickness in the central retina were significantly higher than that in the surrounding area. 
Similarly, Machida et al [24] showed that the GCC thickness which correlates the RGCs 
function measured by the focal PhNR more strongly in the central retinal area than in the 
surrounding retinal areas. Anatomical and physiological studies have shown that the density 
of the RGCs increase to approximate the fovea [25,26]. These changes could explain the 
stronger contribution of RGC activity to the N2 in the central retinal area. However, the N2 
may not represent the neural activity of only the RGCs. The PhNR of the full-field cone 
ERGs does not completely disappear in patients with complete visual loss caused by 
traumatic optic neuropathy [27]. This suggests that other neural elements contribute partially 
to the amplitude of the PhNR especially in the peripheral retina. 
Our study showed that there was a higher coefficient of correlation between the N2 
response density and the RNFL thickness than that to the visual sensitivity. The reasons for 
this difference are unknown, however, it can be possible that the visual field test is a 
subjective examination, while the mfERGs and OCT are objective tests. It has been reported that 
for eyes with early damage there was a linear relationship between the changes of RGC 
counts and the RNFL thickness, but the changes of RGC counts was relatively large 
corresponded to small changes in MD [28]. This suggests that rates of MD and SD-OCT 
change have a non-linear relationship in early stage of glaucoma. However, it is debatable if 
their RGC count estimation model can be applied to our study. Further investigation is 
needed to assess the correlation between visual sensitivity and RNFL thickness for the N2 
response density. The relationship between the amplitude of each component of the mfERGs 
and the severity of the disruption of the function of the RGC in human glaucomatous eyes is 
still controversial. It had reported that the correlation between the severity of dysfunction of 
the ganglion cells and the amplitude or implicit time of the mfERGs from glaucomatous eyes 
is not significant [6, 29-33]. There are several limitations in our study. The reproducibility or 
variability of the mfERG responses was not determined. It had showed by Machida et al. that 
the PhNR of full-field ERGs has the variability [20]. They showed that the PhNR/b-wave 
ratio, compared with the PhNR amplitude, could reduce the variability between individuals, 
however in patients with early glaucoma onset, the ratio failed to improve the sensitivity and 
specificity as well as the reproducibility. In fact, in our study, there were small differences for 
the N2/P1 ratio between the normal group and the glaucoma group compared with the N2 
amplitude. A future study following the course of each glaucoma patients will be necessary. 
In conclusion, the amplitude of the N2 response density decreased as the retinal sensitivity 
and RNFL thickness became smaller and the correlation between these two parameters was 
significant. The results indicate that the changes of N2 are related to the neural activity of 
RGCs and their axons. Thus, examinations of the N2 amplitude would be altered in early 
stage of glaucoma and may be a useful method to diagnose and follow the course of 
glaucoma. 
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Figure legends 
Figure. 1  Stimulus pattern (A) used by the visual evoked response imaging system to 
record the multifocal electroretinograms (mfERGs; B). A The mf ERGs were recorded from 
five retinal loci. The radius of the inner border of the annulus was 5 degree and that of the 
outer border was 20 degree. The responses from the two quadrants in each hemi field 
excluding the center response were summed for the analysis. B The N2 amplitude was 
measured from baseline to the trough at 70 ms after the onset of the stimulus. 
 
Figure. 2  Map showing retinal nerve fiber layer thickness measured in the spectral domain 
optical coherence tomographic (SD-OCT) images. The averaged thicknesses from temporal 
three sections were correlated with the N2 amplitude recorded from the corresponding areas. 
Figure. 3  The Swedish Interactive Threshold Algorithm Standard strategy was applied to 
program 10-2 for the central retinal sensitivity, and determined the surrounding areas with the 
program 30-2. The 16 points were averaged and taken to be the visual sensitivity in the 
central retinal area. The 14 points in the superior and inferior retinal area were averaged and 
taken to be the visual sensitivity in the each retinal area. 
Figure. 4  Responses from representative normal eye (A) and advanced glaucomatous eyes 
(B) are shown.  The N2 amplitude of the superior sector of the glaucomatous eye is 
significantly small. 
Figure. 5  Relationship between the N2 response density and the retinal sensitivity in the 
superior area (A), inferior area (B) and central area (C). The N2 amplitudes are smaller when 
the retinal sensitivities are smaller for normal subjects (open circles) and glaucoma patients 
(filled circles); the correlation between the two parameters is significant 
 
Figure. 6  Relationship between the N2/P1 ratio and the retinal sensitivity in the superior 
area (A), inferior area (B) and central area (C). The N2/P1 ratio is smaller when the retinal 
sensitivities are smaller for normal subjects (open circles) and glaucoma patients (filled 
circles); the correlation between the two parameters is not significant. 
 
Figure. 7  Relationship between the N2 response density and the RNFL thickness of the 
superior area (A), inferior area (B) and central area (C). The N2 amplitudes are smaller when 
the RNFL thickness is thinner for normal subjects (open circles) and glaucoma patients (filled 
circles); the correlation between the two parameters is significant. 
  
Fig. 8  Relationship between the N2/P1 ratio and the RNFL thickness of the superior area 
(A), inferior area (B) and central area (C). The N2/P1 ratio is smaller when the RNFL 
thickness is thinner for normal subjects (open circles) and glaucoma patients (filled circles); 
the correlation between the two parameters is significant.   
Table 1 Demographics of glaucoma patients and normal subjects 
 normal 
(n = 11) 
glaucoma 
(n = 38) 
P value 
Variable Mean ± SD or proportion  
Age (years) 60.7 ± 13.2 61.3 ± 12.0 0.90 
Sex (M/W) 5/6 11/17  
RNFL-ST (μm) 134 ± 9.7 92 ± 15.6 <0.001 
RNFL-IT (μm) 145 ± 26.0 90 ± 22.0 <0.001 
Avg RNFL-TU,TL (μm) 80 ± 7.7 60 ± 12.1 <0.001 
Mean deviation (dB) 1.4 ± 1.4 -9.4 ± 6.1 <0.001 
Superior retinal sensitivity 
(1/Lambert) 
1098 ± 326.6 379 ± 392.8 <0.001 
Inferior retinal sensitivity 
(1/Lambert) 
1105 ± 290.3 577 ± 442.3 0.001 
Center retinal sensitivity 
(1/Lambert) 
2487 ± 811.9 1350 ± 988.9 <0.001 
SD standard deviation, M men, W women, RNF retinal nerve fiber layer, ST 
superior-temporal, IT inferior-temporal, TU temporal-upper, TL temporal-lower, Avg average 
  
Table 2  Multifocal electroretinogram P1and N2 responses in glaucoma patients and normal 
subjects. 
 Normal 
(n = 11) 
Glaucoma 
(n = 38) 
P value 
Superior P1 amplitude (nV/deg2) 3.7 ± 0.9 3.2 ± 1.3 0.16 
Inferior P1 amplitude (nV/deg2) 3.7 ± 1.0 3.0 ± 1.3 0.11 
Center P1 amplitude (nV/deg2) 11 ± 3.2 9.3 ± 3.9 0.20 
Superior N2 amplitude (nV/deg2) 2.2 ± 0.5 1.4 ± 0.8 <0.001 
Inferior N2 amplitude (nV/deg2) 2.3 ± 0.6 1.3 ± 0.7 <0.001 
Center N2 amplitude (nV/deg2)  11±3.0 4.8±3.1 <0.001 
Superior N2/P1 ratio 0.63 ± 0.2 0.48 ± 0.2 0.039 
Inferior N2/P1 ratio 0.72 ± 0.4 0.49 ± 0.3 0.099 
Center N2/P1 ratio 1.1 ± 0.4 0.56 ± 0.3 0.0022 
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Figure 5 
N2 amplitude - retinal sensitivity 
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Figure 6 
N2/P1 ratio - retinal sensitivity 
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Figure 7 
N2 amplitude – RNFL thickness 
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Figure 8 
N2/P1 ratio – RNFL thickness 
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